This paper reports the use of spin coatable Fe naphthenate (Fe(C 11 H 7 O 2 ) 2 ) as an electron beam sensitive direct writable catalyst suitable for growing high quality carbon nanotubes (CNTs). Vertically aligned, densely packed, equal in height, three-to four-walled and 5-7 nm inner diameter CNTs were grown on the nanoscale stripe patterns by water-assisted chemical vapor deposition. The correlation between electron beam dosage and the growth characteristics of
Introduction
Carbon nanotubes (CNTs) have provided an opportunity to examine and integrate ordered one-dimensional (1D) systems. Their unique and enhanced properties are ideal for appropriate nanostructures in a variety of applications [1, 2] . For the miniaturization of conventional microelectronic devices, the CNT is considered an ideal candidate for the next generation of nanoelectronics owing to their excellent properties. The control of CNT growth and their selective positioning is crucial in developing novel CNT devices and integration with conventional microelectronics [3] [4] [5] [6] [7] [8] [9] . Recently, there have been many attempts at catalyst patterning to realize the patterned growth of CNTs [10] [11] [12] [13] [14] . Vertically aligned CNT arrays grown on flat substrates, in which all the nanotubes have a similar orientation and length, offer an ideal platform for some viable applications, such as field emitters in flat panel displays, copper substitutes for interconnects and nanoelectrodes for DNA detection, as well as in biosensors [15] [16] [17] . Integrating an appropriate catalyst with a suitable CNT growth method to fulfil the demands of the nanoelectronic industry is a technological challenge. However, some obstacles hindering further developments still remain due to the lack of reliable patterned growth techniques.
The patterning process includes photolithography, e-beam lithography (EBL), focused ion beam lithography, μ-contact printing and so on and so forth [10] [11] [12] [13] [14] . Each method has its own advantages and drawbacks. The main advantages of EBL over the conventional lithography include extremely high resolution and versatile pattern shape formation [18] . In direct writing EBL, a small spot of the electron beam is written directly onto a resist coated substrate, eliminating the expensive and time-consuming production of masks. In our previous report we have shown that the direct writing EBL technique can be quite powerful for generating extremely fine patterns in fabrication of future electronic devices with critical dimension as small as 5 nm [19] . Since direct writing EBL is capable of superior resolution and requires no sophisticated projection optics or viable mask production technology, it is the most desirable process for cutting-edge nano-fabrication. Since 1996, various chemical vapor deposition (CVD) methods have been used to synthesize aligned multiwalled CNT arrays [20] [21] [22] [23] [24] [25] [26] . In the case of water-assisted CVD (WA-CVD), introducing a small and controlled amount of water enhances and retains the activity as well as the lifetime of the catalyst particles. Due to the enhanced catalytic property, the overall efficiency of synthesis can be increased dramatically, resulting in the formation of densely packed, defect-free, vertically aligned CNT forests, making it advantageous over other synthetic methods [22] .
Interestingly, most papers on the synthesis and patterning of CNTs used Co, Mo, Ni or Fe thin films prepared by sputtering or electron beam evaporation [10] [11] [12] [13] [14] [20] [21] [22] [23] [24] [25] [26] . The advantages of sputtering or electron beam evaporation for catalyst deposition are selective area deposition and fine control of the deposition process. However, the critical deposition process, critical patterning process, higher vacuum level and cost limits the use of sputtering or electron beam deposition. Hong et al used the organic metal compound Co naphthenate to synthesize CNTs by the selective heating of the catalyst particles using microwaves [27] . Recently, highly efficient carbon nanotube growth from spin coatable Fe-Mo nanoparticle catalysts made by colloidal synthesis has been demonstrated by water-assisted chemical vapor deposition [28] . From the spin coatable colloidal catalysts, CNT forests could be grown with the same level of efficiency, yield, purity, alignment, and quality as those grown from sputtered metallic thin films. Unfortunately, this spin coatable colloidal catalyst is not suitable for EBL. Thus, there is a great interest in seeking the spin coatable catalyst suitable for CNT growth which also acts as electron beam sensitive resist for direct writing EBL.
This paper reports the use of spin coatable Fe naphthenate (Fe(C 11 H 7 O 2 ) 2 ) as an e-beam sensitive direct writable catalyst to grow vertically aligned, densely packed CNTs by waterassisted chemical vapor deposition (WA-CVD). The results demonstrate patterned CNT growth. Fe naphthenate not only provides submicron patterning resolution but also the appropriate conditions for long and densely packed CNT growth depending on the film, patterning and growth conditions. This direct-write technique provides the potential to write Fe nanostructures of desired shape as well as the capability to position functional nanostructures precisely at any location. This method is superior to conventional electron beam lithography, which consists of a larger number of steps and the lift-off step. Moreover, since this highly efficient growth method provides long and aligned carbon nanotubes that are easily patterned into organized macroscopic and complex structures, these open up new opportunities for identifying rational designs for device architectures to fabricate CNT nanodevices.
Experiment details
The Fe naphthenate (purchased from Alfa Aesar) was diluted in toluene and 1-pentanol to obtain uniform films of the appropriate concentration suitable for achieving densely packed nanoparticles for CNT growth. Al/Si film is employed as discussed elsewhere [29] . The Al/Si wafer was cut into 2 cm × 2 cm samples, on which a solution of Fe naphthenate was spin cast. The substrates were cleaned in acetone, iso-propanol, and ethanol prior to deposition following the reported steps in the literature. The spin-coating parameters were chosen to coat the resist uniformly over the substrate. After spin coating, the substrate was cut into 5 cm × 5 mm identical samples to synthesize the CNTs. Some of the samples were patterned by electron beam lithography (Hitachi S-2500C SEM modified by Nanomaker for beam manipulation) with a beam energy of 25 kV and later developed in hexane. The optimal patterning conditions for this application were obtained with an 8 mC electron dose from a 100 nA beam current.
To grow the CNTs, three samples at a time were mounted on a quartz plate and shuttled into the WA-CVD reactor. The details of the existing WA-CVD set-up are discussed elsewhere [26] . The reactor was evacuated to a base pressure 0.1 Torr. The reactant gas mixture was introduced into the CVD reactor at room temperature and growth was carried out at 810
• C. After removing the samples from the reactor, they were analyzed by field emission scanning electron microscopy (SEM; JSM6700F, JEOL) to determine their height and morphology. Subsequently, the CNTs were removed from the substrates, dispersed in methanol and drop coated onto a copper grid for the high resolution transmission electron microscopy (HRTEM; JEOL 300 kV) observations. The as-prepared 14.6 mg reactant mixture was subjected to thermogravimetry/differential thermal analysis (TG/DTA: Seiko Exstar 6000, SEICO INST, Japan) to understand the nature of the pyrolysis process occurring in Fe naphthenate resist. Pyrolysis was carried out in argon ambient at a ramping rate of 10
• C min −1 . The surface states of Fe naphthenate coated samples, before and after thermal annealing, were characterized by x-ray photoelectron spectroscopy (XPS; ESCA 2000 spectrometer), using an Al Kα (1486.6 eV) x-ray source. The thermal annealing was carried out in argon ambient at the optimized CNT growth temperature of 810
• C.
Results and discussion
Figure 1(a) shows a SEM image of a 500 μm long CNT forest grown in 10 min using the spin coated Fe naphthenate film. It shows the feasibility of Fe naphthenate as a catalyst suitable for growing the CNTs. The CNT film exhibited good alignment in the CNT forest (figures 1(b) and (e)). Interestingly, the CNTs grew vertically from the substrate surface. The van der Waals interaction between neighboring nanotubes is one of the reasons for the vertically aligned growth of the CNTs [29] . The structural properties of the synthesized product are also promising. TEM revealed that the CNTs consist of three to four walls with an inner diameter of 5-7 nm (figures 1(c) and (f)). It also revealed that the CNTs are free of the Fe catalyst and followed the base growth mechanism. In the base growth mode mainly two things are presumed: one is anchoring of catalyst to the substrate and the other is nanosize (<5 nm) catalyst sites for the CNT growth [30] . Figure 1(d) shows a SEM image of the Fe naphthenate coated substrates (before CNT growth). The image shows a film with nanosize domain formation. These uniformly distributed domains provide further sites for the growth of CNTs at a temperature of 810
• C. The coated film also shows nanometre size film thickness, which is revealed from the cross view of the substrate ( figure 1(g) ).
In the present study Fe naphthenate was used because it is more advantageous for spin coating, by which the catalyst film thickness can be controlled. It is also soluble in nonpolar media such as toluene. Generally, metal naphthenates consist of cyclopentanes or cyclohexanes, methylene chains (-(CH 2 )-), carboxylates, and metals. They can be represented as
where M is a metal atom. They are viscous liquids at room temperature and stable in air. The fact that Fe naphthenates are mixtures ensures that the naphthenates will not crystallize, conferring high solubility. In order to understand the nature of the pyrolysis process occurring in Fe naphthenate, the precursor sample was subjected to TG/DTA. Figure 2 shows the pyrolysis nature of Fe naphthenate. Figure 2(a) shows the weight loss of Fe naphthenate as a function of temperature. Pyrolysis occurs mainly in three steps. In the first, second and third steps, the weight loss was approximately 20%, 27% and 36%, respectively. Figure 2(b) shows the first differential of weight loss as a function of temperature. The first weight loss occurred at 110
• C due to the evaporation of toluene in the reactant mixture. The second and third weight losses were observed at 260
• C and 380
• C, respectively. Fe naphthenate begins to decompose at temperatures greater than 200
• C. TG/DTA analysis showed that below 750
• C most of the organic compounds were removed. Above 750
• C, a stable Fe compound was obtained, which is prerequisite for CNT growth at 810
• C [26] . An understanding of the effect of heat treatment on the buffer layer (Al) and catalyst (Fe) layer is important for growing the CNTs [31] . Carbonization and high temperature oxidation of the buffer and catalyst layer decelerates the CNT growth kinetics [32] . XPS was carried out on the thermally annealed substrates to obtain better insight into the surface states after pyrolysis. The as-prepared substrates (without heat treatment, Fe naphthenate coated samples) were also characterized for comparison. Figures 3(a) and (b) show the Fe 2p XPS spectra from the samples without and with the thermal treatment, respectively. The Fe 2p spectra were split into the 2p 3/2 and 2p 1/2 peaks due to the 2p spin-orbit interactions. For both samples, these peaks appeared at ∼711.6 eV and ∼725 eV, respectively. The Fe 2+ at approximately 715 eV ( figure 3(a) ) shifted to Fe 3+ at 719.8 eV ( figure 3(b) ), and is indicated by the dotted lines. The charge transfer process between Fe 2+ and Fe 3+ indicates the formation of oxide states after the thermal treatment [33, 34] . It is interesting that the peak at ∼711.3 eV, which corresponds to an Fe-C complex, was not observed in the heat treated sample, indicating the organic residual complexes did not react with Fe during heat treatment. Figures 3(c) and (d) shows the Al 2p XPS spectra recorded of the non-annealed and thermal annealed samples, respectively. The Al 2p spectra were split into the 2p 3/2 and 2p 1/2 peaks due to the 2p spin-orbit interactions. The peaks for the non-annealed samples were observed at ∼72.1 eV and ∼74.3 eV, respectively. After thermal annealing, only one peak corresponding to 2p 1/2 at ∼74.8 eV was observed (indicated by the dotted lines), which indicates the formation of Al 2 O 3 [35] . Figures 3(e) and (f) show the C 1s XPS spectra of the non-annealed and annealed samples, respectively. Prior to heating, peaks corresponding to C 1s in cyclohexanes and carboxylates at ∼284.5 and at ∼288.5 eV (indicated by the dotted lines) were observed [36] . Heat treatment mainly causes the breaking of bonds and the formation of amorphous carbon, which was observed at 285 eV [37] . Heat treatment gives proper surface states that are favorable for CNT growth at optimum growth conditions [26] . The organic compounds from Fe naphthenate evaporate below 750
• C and do not react with the Fe on the surface, which is consistent with TG/DTA studies.
Metal naphthenates can be modified chemically by an electron beam, yielding exposed regions that are insoluble in organic solvents, such as hexane and toluene [38] . The fabrication of sub-10 nm high-aspect-ratio structures, as small as 5 nm, of ZnO using zinc naphthenate resist by an electron beam has been previously demonstrated [19] . Accordingly, the Fe naphthenate here was patterned directly on Al/Si substrates in a single step as discussed in the experimental section. Figure 4 shows a schematic diagram of patterning. These patterned samples were used for CNT growth. . Each letter and number shows around 500 nm wide stripes and the grid has around 1.4 μm wide strips. The CNTs are vertically aligned and densely packed. It appears that the e-beam produced patterns break into individual nanoparticles to grow the CNTs. The optimal ebeam dose for patterning densely packed CNT growth depends on the concentration of the Fe naphthenate solution and the dimensions of the pattern. As the dose was increased the degree of chemical modification of the resist increased and thus more Fe naphthenate catalyst remained on the substrate after development of the pattern. This concept is explained in the exposure response curves and other details in our previous work [39] [40] [41] . Low dose and/or narrow line width patterns also catalyzed CNT growth; however, in these cases the CNTs were singular and shorter (not densely packed with lengths of approximately 1 μm), with on average one to two CNTs growing from an Fe particulate (supporting information figure S1 , available at stacks.iop.org/Nano/20/315302). We are still optimizing direct writing conditions suitable for obtaining single CNTs. In this work singular (∼1 μm long) CNTs were found to grow at doses as low as 5 mC cm −2 . We suggest, based on previous work [29] , that for low dose and/or narrow line widths the catalyst particles are not closely packed enough to yield forest growth. We found earlier that not only the size of the catalyst particle but also the packing of the catalyst particles is critical for achieving aligned CNT growth. This work presents a route to realize nanoscale patterned growth of 'forest' CNTs as well as a potential method for patterning just single CNTs. With high resolution electron beam lithography [19] , we expect sub-10 nm patterns could be made with this resist; from such patterns we predict single CNTs would grow and further feasibility experiments are underway.
The sensitivity and contrast studies on Fe naphthenate resist were carried out by exposing it to various electron doses and later developing the exposed patterns. The typical patterns after development are shown in supporting information S2 (available at stacks.iop.org/Nano/20/315302). In order to estimate the remaining thickness or height of the resist after development, an atomic force microscope (AFM, SPA400 Seiko inc. Japan) was used. Figure 6 shows the e-beam response curve of Fe naphthenate resist. The field size of the exposed area is 90 μm × 30 μm and the irradiated electron beam dosage was varied from 500 μC cm −2 to 15 mC cm −2 . As a result of AFM measurement, the pattern started to appear from the dosage of 3 mC cm −2 ; the height of patterns was saturated over 5 mC cm −2 . Based on this estimation, we constructed an e-beam response curve. Fe naphthenate based resist was found to have contrast 2.23 and sensitivity 3.63 mC cm −2 , showing excellent performance compared to those of other inorganic based resists [39] [40] [41] . Due to its excellent performance as an electron beam sensitive resist and ability to grow the vertically aligned CNTs, Fe naphthenate is a promising candidate not only for sub-nanometer resolution but also for other types of lithography, such as x-ray lithography, low voltage electron beam lithography and extreme ultraviolet lithography. Further research in these areas is currently underway.
Conclusions
In conclusion, the goal of this work was to show that Fe naphthenate can be used as an excellent resist in the direct writable e-beam patterning, which in turn gives an efficient growth process for CNTs using WA-CVD. The growth of vertically aligned, densely packed, equal in height, three-to four-walled and 5-7 nm inner diameter CNTs was demonstrated on the 500 nm wide stripe patterns. The strength of this technique lies in its ability to direct write at any desired position on the nanoscale and allow the subsequent growth of CNTs on the patterned structures. 
